CuO nanowires with high crystalline quality are synthesized via a simple thermal oxidation method. Charge conduction on individual nanowires under a transverse electric field exhibits an intrinsic p-type semiconducting behavior. Variations in signal transducer in different chemical gas environments are measured on individual CuO nanowire field effect transistors. They demonstrate good performance to both NO 2 and ethanol gasses. In particular, the nanowire chemical sensor reveals a reverse response to ethanol vapor under temperature variation. Experimental results and first-principles calculations indicate that ethanol is oxidized in air at high temperature, resulting in the production of CO 2 and H 2 O. The strong H 2 O adsorption leads to the reversal behavior, due to the electron transfer from H 2 O molecules to the CuO surface.
Introduction
Cupric oxide (CuO), with a bandgap of 1.0-1.9 eV [1] [2] [3] [4] [5] , is intrinsically a p-type semiconductor mainly due to the Cu vacancies [1] . Many methods have been developed for the synthesis of CuO nanostructures [2] [3] [4] [5] [6] [7] , and the vapor-solid oxidation approach has been demonstrated to be particularly useful for the growth of vertically aligned CuO nanowires (NWs) with high crystalline quality [7, 8] . Due to their high aspect ratio and large surface-to-volume ratio, quasi-onedimensional (Q1D) nanostructured CuO has high sensitivity to the change of environment and enhanced chemical activity towards adsorbates. CuO NWs hence have been extensively investigated for various applications as lithium-copper oxide electrochemical cells [9] , fuel cells [10] , solar cells [11] , nanocatalysts [12] , field emission emitters [11, 13] and gas sensors [4-6, 14, 15] . Recent studies focused on their electrical properties, especially the effect of surface adsorption on carrier conduction through oxide nanowires [16] . It is imperative to further develop efficient nanodevices, based on a clear understanding from experimental explorations. Herein, the 4 Author to whom any correspondence should be addressed. electrical transport and chemical gas sensing properties are presented on individual CuO nanowires that are configured as field effect transistors. The sensing mechanism with various target gases is then quantitatively investigated by combining first-principles calculations and experimental findings.
Synthesis and material characterization
CuO nanowires are vertically grown under thermal oxidation of Cu foils in a furnace at 600
• C for 6 h in static air. In the oxidation process, a dense Cu 2 O film is first formed on the Cu foil (Cu + O 2 → Cu 2 O). CuO nanowires (Cu 2 O + O 2 → CuO) are then produced on the top layer following complete oxidation [7] .
Figure 1(a) shows the scanning electron micrograph (SEM) images of CuO nanowires with diameters ranging from 30 to 100 nm. The x-ray diffraction pattern ( figure 1(b) ) of the as-synthesized film can be indexed as monoclinic CuO (JCPDS file no. 45-0937) nanowires and the underlayered cubic Cu 2 O (JCPDS file no. 05-0667) film.
In our experiment, both single-crystal and bicrystal CuO nanowires are observed via transmission electron microscopy (TEM) 0957-4484/10/485502+06$30.00 The measurement is carried out at ambient conditions with a 532 nm wavelength laser excitation. The three strong peaks (297, 345 and 632 cm −1 ) indicate that the three main phonon modes in the CuO crystal corresponding to the three Ramanactive modes of A g , B (1) g and B (2) g symmetries [17] . The as-synthesized CuO nanowires are suspended in isopropyl alcohol, and then pipette-deposited onto degenerately doped Si substrates capped with a 500 nm SiO 2 layer at a controllable density. Photolithography followed by drain (D) and source (S) electrode deposition of Ti (5 nm)/Au (50 nm) are conducted to define contact patterns with 2 μm inter-electrode distance. Figure 2 (a) plots the current-voltage (I DS -V DS ) curves of an individual CuO nanowire field effect transistor (NWFET) measured at room temperature under different gate voltages (from −80 to 80 V), presenting p-type behavior with weak gate dependence. The nonlinear I DS -V DS curves arise from the Schottky barrier due to the small work function of Ti (∼4.33 eV) compared to that of the p-type CuO (∼4.50 eV) [18] . The conductivity extracted from the linear region of I DS -V DS curve is around 1.1×10 −3 S cm −1 , based on a cylindrical wire geometry with a diameter of ∼80 nm. The conductivity is higher than that of polycrystalline nanowires because of reduced scattering along the crystalline wires [3] . Note that this is still a lower bound of the intrinsic conductivity value since the two-probe measurement cannot separate out the electrode contact resistances. The nanowire device reveals a small transconductance (g m = dI DS /dV g ∼ 3.84 × 10 −11 S), which is calculated from the linear slope under a bias voltage (V DS ) of 10 V, as displayed in the I DS -V g curve (figure 2(b)).
The back gate capacitance for this Q1D system can be estimated as
, where L is the length of the nanowire channel, ε r (∼2.66) the effective dielectric constant of the gate (estimated as the average value of dielectric constants of vacuum and the bulk SiO 2 , ε SiO2 = 3.9) [19] , h the thickness of the SiO 2 film and d the diameter of CuO nanowire. The field effect mobility and carrier concentration are estimated to be μ = 2.51 × 10 −3 cm 2 V −1 s −1 and n = 9.04 × 10 19 cm −3 using the following expressions:
, where V g (th) is extrapolated along the slope of the transconductance curve [20] .
The I DS -V DS curves plotted in figure 2(c) illustrate an increase in conductivity with temperature. Figure 2(d) shows the semi-logarithmic graph of conductivity versus reciprocal temperature for the CuO nanowire exposed to air, ethanol (0.37% mixed with air) and NO 2 (50 ppm mixed with Ar), respectively. The linear fit indicates Arrhenius-type behavior following the expression of σ ∝ e −Ea/kT , where
and T are the activation energy, Boltzmann constant and absolute temperature [21] . The values of E a extracted from the slopes in figure 2(d) are 0.59 eV (air), 0.45 eV (ethanol + air) and 0.93 eV (NO 2 ), respectively. Note that, upon adsorption on the p-type nanowire surface, the NO 2 molecules act as hole donors, consequently the conductivity of the nanowire is increased. To elucidate the temperature dependence of conductivity, the NO 2 gas is mixed with an inert gas (Ar). On the other hand, the ethanol sensing is generally based on the reaction of reducing gas (i.e. ethanol) and the preexisting surface adsorbed oxygen. Thus, air is employed as the carrier gas in ethanol sensing.
Gas sensing properties are characterized for an individual nanowire (V DS = 1 V) in a quartz chamber with electrical feedthrough [22] . Because of the high surface-to-volume ratio (proportional to 1/r ) [23] and small radius comparable to the Debye length, the surface effect is very pronounced in Q1D structured sensors. Figure 3(a) depicts the reproducible sensing response during four adsorption-desorption cycles by switching from air ambient pressure to vacuum (300 mTorr) at 350
• C. The desorption of O 2 molecules under low pressure suppresses conductivity, due to the p-type nature of the CuO channel. However the response time is not evaluated because of the pumping process. Figure 3(b) plots the sensing characteristic of an individual CuO nanowire towards an NO 2 pulse mixed with Ar at 350
• C. Here we define the gas response as S = (G − G 0 )/G 0 , where G 0 and G are the respective conductances before and after the gas exposure; and response time as the time that is needed to reach 1/e of the saturation status after the exposure to the target gas. It is observed that a 12.5 ppm NO 2 pulse results in a 9% conduction increase with a response time of about 50 s. The inset presents the absolute value of gas response versus NO 2 concentration. The performance is comparable to the sensor of CuO 'nanoplates' pasted on a ceramic tube [24] .
When sensing of CuO is conducted under ethanol pulses using air as carrier gas, it is observed that the conductance increases rapidly when exposed to the ethanol vapor under 170
• C: 0.37% ethanol leads to ∼70% conductivity rise with a response time of ∼27 s ( figure 3(c) ). In contrast, a reversal in conductance change occurs when temperature rises. As shown in figure 3(d) , at 500
• C, 0.37% ethanol vapor leads to ∼70% conductivity reduction with a response time of ∼40 s. Similarly, 0.13% ethanol vapor causes ∼42% conduction decrease with the response time of ∼70 s. The inset shows the concentration dependence of sensitivity in absolute value.
Simulation results
To explore the microscopic mechanism behind our experimental results given above, density functional calculations of molecular adsorptions on monoclinic CuO crystal surfaces are carried out with the Vienna ab initio simulation package (VASP) [25, 26] using the projector augmented wave (PAW) method [27, 28] and the generalized-gradient approximation (GGA) [29] . In order to properly describe the strong correlation effect in CuO, we invoke a Hubbard U correction [30] , with parameters (U and J ) taken from the literature [1] . The plane-wave cutoff energy is set to be 400 eV.
Here we simply consider molecular adsorptions on the CuO(111) surface as displayed in figure 4(a) , since it is the most stable surface of CuO [31] . For both NO 2 The charge transfer between chemical gas molecules and the sensor material governs the sensing principle of a conductometric chemical sensor [23, 32, 33] . When an oxidizing gas is introduced, the conductivity of a p-type semiconductor increases due to the transfer of electrons to adsorbates and thereby the increase of hole carrier concentration in CuO [4, 6] . We found sizable electron transfer from the CuO surface to NO 2 as shown in figure 4(b) . Each oxygen atom of NO 2 receives 0.23 electrons, while the N atom loses 0.02 electrons according to Bader charge analysis. Thus the CuO surface totally loses 0.44 electrons to each NO 2 molecule and an accumulation layer forms on the p-type nanowire surface. This results in the conductance increase as shown in figure 3(b) . Likewise the adsorption of one O 2 molecule draws 0.19 electrons from the CuO(111) surface, presenting similar conductance response to NO 2 gas. One can hence conclude the removal of O 2 in vacuum as the key reason for the reduction of conductance as plotted in figure 3(a) .
The temperature-dependent response of CuO nanowires to ethanol gas is more complex. As we know, ethanol reacts with O 2 at high temperature (i.e. 500
• C), forming CO 2 • C), no obvious charge transfer between ethanol and CuO(111) was found in our calculations. The conductance increase observed at 170
• C may associate with ethanol adsorption on other facets, the effect of Cu vacancies, or indirect factors such as the facilitation of extra O 2 adsorption on CuO nanowires.
Conclusions
CuO nanowires are obtained by direct sintering Cu foil in static air and their electrical transport properties investigated in a FET geometry. The conductivity, charge concentration and field effect mobility are estimated to be ∼1. 
